Abstract Purpose:To establish a panel of human breast cancer (HBC) xenografts in immunodeficient mice suitable for pharmacologic preclinical assays. Experimental Design: 200 samples of HBCs were grafted into Swiss nude mice. Twenty-five transplantable xenografts were established (12.5%). Their characterization included histology, p53 status, genetic analysis by array comparative genomic hybridization, gene expression by Western blotting, and quantitative reverse transcription-PCR. Biological profiles of nine xenografts were compared with those of the corresponding patient's tumor. Chemosensitivities of 17 xenografts to a combination of Adriamycin and cyclophosphamide (AC), docetaxel, trastuzumab, and Degarelix were evaluated. Results: Almost all patient tumors established as xenografts displayed an aggressive phenotype, i.e., high-grade, triple-negative status. The histology of the xenografts recapitulated the features of the original tumors. Mutation of p53 and inactivation of Rb and PTEN proteins were found in 83%, 30%, and 42% of HBC xenografts, respectively. Two HBCx had an ERBB2 (HER2) amplification. Large variations were observed in the expression of HER family receptors and in genomic profiles. Genomic alterations were close to those of original samples in paired tumors. Three xenografts formed lung metastases. A total of 15 of the 17 HBCx (88%) responded to AC, and 8 (47%) responded to docetaxel. One ERBB2-amplified xenograft responded to trastuzumab, whereas the other did not. The drug response of HBC xenografts was concordant with that of the patient's tumor in five of seven analyzable cases. Breast cancer is one of the most frequently diagnosed types of cancer in women and a leading cause of cancer-related death in women. The incidence of breast cancer has increased by twothirds over the last 15 years. However, mortality has decreased by one-third due to the earlier detection of breast cancer and increasing use of systemic therapies. Recently, new chemotherapy agents and molecular targeted therapies, such as trastuzumab, have provided a real hope of decreasing breast cancer mortality. However, despite appropriate adjuvant systemic therapy, up to 30% of patients will relapse. The vast majority of deaths are caused by recurrent metastatic disease. To date, patients relapsing will frequently have received multiple therapies in the adjuvant setting (anthracycline-taxane -based chemotherapy, hormonotherapy, and trastuzumab in case of ERBB2 amplification). Therefore, it is clear that novel compounds are required in the metastatic setting. Considering the numerous compounds produced by pharmaceutical companies, we need new tools to speed up clinical development and to take into account the heterogeneity of the disease. Preclinical models are one potential solution. A preclinical screening step in drug development must predict not only the antitumoral activity of new compounds, but also in which tumor type or subtype the compound will be effective. The preclinical models presently used are not predictive enough for such purposes. Most of the existing in vivo models for preclinical assays of anticancer drugs are based on a limited number of cell lines previously isolated from human tumors and selected through culture before their implantation into immunodeficient animals. Cancer cell xenografts have been widely used due to their well-characterized features, the possibility of interlaboratory comparison, and reproducibility. However, they do not reflect breast cancer heterogeneity, and
Breast cancer is one of the most frequently diagnosed types of cancer in women and a leading cause of cancer-related death in women. The incidence of breast cancer has increased by twothirds over the last 15 years. However, mortality has decreased by one-third due to the earlier detection of breast cancer and increasing use of systemic therapies. Recently, new chemotherapy agents and molecular targeted therapies, such as trastuzumab, have provided a real hope of decreasing breast cancer mortality. However, despite appropriate adjuvant systemic therapy, up to 30% of patients will relapse. The vast majority of deaths are caused by recurrent metastatic disease. To date, patients relapsing will frequently have received multiple therapies in the adjuvant setting (anthracycline-taxane -based chemotherapy, hormonotherapy, and trastuzumab in case of ERBB2 amplification). Therefore, it is clear that novel compounds are required in the metastatic setting. Considering the numerous compounds produced by pharmaceutical companies, we need new tools to speed up clinical development and to take into account the heterogeneity of the disease. Preclinical models are one potential solution. A preclinical screening step in drug development must predict not only the antitumoral activity of new compounds, but also in which tumor type or subtype the compound will be effective. The preclinical models presently used are not predictive enough for such purposes. Most of the existing in vivo models for preclinical assays of anticancer drugs are based on a limited number of cell lines previously isolated from human tumors and selected through culture before their implantation into immunodeficient animals. Cancer cell xenografts have been widely used due to their well-characterized features, the possibility of interlaboratory comparison, and reproducibility. However, they do not reflect breast cancer heterogeneity, and their predictive value may be weak. New models of preclinical evaluation must be designed and validated to conduct drug development. Better preclinical models can be obtained by reducing the disparity between the original patient tumor and the in vivo models. For these reasons, there has recently been renewed interest in preclinical assays based on tumor xenografts obtained by the engraftment of tumor samples directly transplanted into animals. Contrasting with cell linederived xenografts, tumor xenografts maintain the cell differentiation and morphology, the architecture, and molecular signatures of the original patient tumors (1) . Vasculature, stroma, central necrosis, and peripheral growth occur in tumorbearing mice in a way that is similar to that of the patient's tumor. Cell line -derived xenografts usually show a monomorphic, poorly differentiated histology and lack of tissue organization, namely, the adenocarcinoma architecture. Moreover, a high correlation between drug response of tumor xenografts was found with the corresponding original tumors, with a positive prediction of 90%, which is much higher that the predictive value found with in vitro models, as reported by Fiebig's group (2) , and observed by us. 7 However, few models of breast cancer xenografts are currently available; hence, the well-known diversity of these cancers is not represented in existing preclinical models. For some human carcinomas, such as non -small cell lung cancers or colorectal cancers, the establishment of human tumor xenografts in nude mice has been achievable with a success rate of more than 50%. 7 Conversely, breast tumor xenografts derived from patient biopsies are particularly difficult to obtain, as reported by several teams (3) . Breast tumors have one of the lowest tumor take rates in immunodeficient mice. Moreover, breast cancers are known for their pathologic and biological heterogeneity, with considerable differences in histology, genetics, and sensitivity to chemo-and targeted therapies. Therefore, a preclinical model of breast cancer must be constituted of a consistent series of xenografts that recapitulate this heterogeneity. Such a model of breast cancers could identify new therapeutic targets, validate the in vitro based screening of new compounds and potentially guide the choice of therapy for a given tumor. Furthermore, such models will allow studies of biological mechanisms of sensitivity and/or resistance. To achieve these aims, it is critical that breast cancer xenografts conserve the characteristics of the original tumor. Here, we describe a new panel of breast tumor models, established as tumor xenografts stably growing in immunodeficient mice. The direct implantation of patient tumor fragments into the s.c. interscapular fat pad of mice was chosen as we have observed that this site was more favorable than the orthotopic site for tumor take and growth. Institute Curie's colony of Swiss nude mice provides animals with a relative high tumor take frequency, which seems to be equivalent to that of BALB/c mice or severe combined immunodeficiency mice. Histologic and biological characterization of these xenografts showed their close similarity to the original cancers. Pairing of patient tumors with their corresponding xenograft allowed us to accurately compare histology, genetic parameters, and gene and protein expression of hormone and growth factor receptors. Chemosensitivity screening of xenografts was compared with the response of patients' tumors to the same chemotherapies, in few available cases. In summary, we report here the establishment and characterization of a series of human breast transplantable xenografts in nude mice with regard to their histology, biological profile, and response to standard treatments.
Materials and Methods
Animals and establishment of tumor xenografts. Breast cancer fragments were obtained from patients at the time of surgery, with informed written patient consent. Fragments of 30 to 60 mm 3 were grafted s.c. into the interscapular fat pad of 8-to 12-week-old female Swiss nude mice, under avertin anesthesia. Mice were maintained in specific pathogen-free animal housing (Institut Curie) and received estrogen (17 mg/mL) diluted in drinking water. Xenografts appeared at the graft site 2 to 8 months after grafting. They were subsequently transplanted from mouse to mouse and stocked frozen in DMSO-fetal calf serum (FCS) solution or frozen dried in nitrogen for further studies and a fragment fixed in phosphate buffered saline (PBS) 10% formol for histologic studies. The experimental protocol was done according to French regulations.
Histology of original tumors and xenografts. The morphology of patients' tumor tissues was compared with their corresponding xenografts using paraffin-embedded sections and standard protocols (4) . Tumors were removed from mice and immediately fixed in a 10% formol solution for immunohistologic analysis.
Compounds and therapeutic assays. Adriamycin, 2 mg/kg (Doxorubicin, Teva Pharmaceuticals), and cyclophosphamide, 100 mg/kg (Endoxan, Baxter), diluted in 0.9% NaCl and docetaxel, 20 mg/kg (Taxotere, Sanofi-Aventis), diluted in its specific excipient, were given by the i.p. route at 3-week intervals. Trastuzumab (Herceptin, Roche) was diluted in 0.9% NaCl and given i.p. weekly at a dose of 10 mg/kg. Degarelix (Ferring) was diluted in 5% mannitol and injected s.c. monthly at a dose of 10 mg/kg. Human breast cancer (HBC) xenografts were transplanted into female 8-week-old Swiss nude mice, as described above, one tumor being transplanted into eight recipients. When tumors reached a volume of 60 to 200 mm 3 , mice were individually identified and randomly assigned to the control or treated groups (8 to 12 mice per group), and the treatments were started. Tumor growth was evaluated by measurement of two perpendicular diameters of tumors with a caliper twice to thrice per week. Individual tumor volumes were calculated as V = a Â b 2 /2, a being the largest diameter, b the smallest. For each tumor, Vs were reported to the initial volume as relative tumor volume (RTV). Means (and SE) of RTV in the same treatment group were calculated, and growth curves were established as a function of time. Optimal tumor growth inhibition (TGI) of treated tumors versus controls was calculated as the ratio of the mean RTV in treated group to the mean RTV in the control group at the same time. Statistical significance of TGI was calculated by the paired Student's t test by comparing the individual RTVs in the T and C groups. T/C tumor growth delays (GD) were calculated as the time required to reach the same RTV in the treated group T and the control group C (usually at a RTV of 4). Four categories of HBC responders were defined: (a) high responders (HR), in which the treatment induced complete regressions (the established tumors being no longer palpable after treatment); (b) the responders (R), in which TGI and T/C GD was superior to 50% and 2-fold, respectively; (c) low responders, with TGI and T/C GD comprised between 40% and 50% and 1.5 and 2, respectively; and (d) the nonresponders (No in the tables), in which the growth parameters were not significantly altered by the treatment. Mice were ethically sacrificed when the tumor volume reached 3,500 mm 3 . Biological profile of tumors and xenografts. p53 mutations were detected in xenografts by a functional assay that tests the transcriptional competence of human p53 expressed in yeast (5, 6) .
Detection of Rb, AKT, P-AKT, vascular endothelial growth factor, and PTEN proteins by Western blotting. Frozen tumors were ground in liquid nitrogen and the resulting powder was incubated in lysis buffer [50 mmol/L Tris-HCl (pH 7.9), 120 mmol/L NaCl, 1% Nonidet P40, 1 mmol/L EDTA, 5 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 0.04 mmol/L 4-(2-aminoethyl)-benzene-sulfonyl fluoride (AEBSF) and a commercial protease inhibitor mixture (Roche Applied Science) for 2 h at 4jC and cleared by centrifugation. Proteins were resolved on a reducing 4% to 12% SDS polyacrylamide gel and transferred into polyvinylidene diflouride membranes. The transferred membranes were blocked overnight at 4jC in 5% nonfat dried milk in phosphate-buffered Tween (Bio-Rad) and incubated at room temperature for 3 h with the appropriate primary antibodies, HER2 (Zymed), Rb (PharMingen), P-AKT (Cell Signaling Technology), PTEN (sc-7974, Santa Cruz Biotechnology), vascular endothelial growth factor (VEGF; sc-152, Santa Cruz Biotechnology). Membranes were washed thrice with 5% nonfat dried milk for 10 min and incubated with horseradish peroxidase -coupled isotype-specific secondary antibodies in PBS for 1 h at room temperature. The immune complexes were detected by an enhanced chemiluminescence detection system (Amersham Biosciences) and quantified using Image Gauge software.
Detection of ERa, ERb, PR, HER1, HER2, HER3, HER4, Ki67, and cyclin E1 and E2, MDR1, MRP1, and MRP5 by quantitative RT-PCR. Total RNA extraction and cDNA synthesis were done as previously described from 1 Ag total RNA (7). ERa, ERh, PR, HER1 to HER4, Ki67, and cyclin E1 and E2, MDR1, MRP1, and MRP5 transcripts were quantified using real-time quantitative reverse transcription-PCR (RT-PCR) assays. The nucleotide and probe sequences and the conditions of PCR have been previously described (8) . Results were expressed as N-fold differences in target gene expression relative to a reference gene defined as ''N target'' and was determined as follows:
, where E is the efficiency of PCR measured using the slope of the calibration curve, and C t is the cycle threshold.
Array-based comparative genomic hybridization (CGH). A genomewide resource of 3,342 fluorescence in situ hybridization -mapped, sequenced BAC and PAC clones verified for gene and marker content were represented as immobilized DNA targets on glass slides for arraybased CGH analysis, allowing a mean resolution of 1 Mb all along the genome. Each clone was spotted in triplicate on a slide with an aminosilane coating (Corning UltraGAPS, NH3+, Life Sciences) with the Microgrid TAS BioRobotics spotter. These slides were prepared by the Institut National de la Sante et de la Recherche Medicale Unit U830. After extraction, 1.5 Ag of each test and control DNA sample was digested with DpnII enzyme (Ozyme) and purified with a QIAquick PCR purification kit (Qiagen). They were then labeled by random priming using a Bioprime DNA labeling kit (Invitrogen) with the appropriate cyanine dye (Cy3 or Cy5; Perkin-Elmer). The control and test DNAs were coprecipitated with Cot-1 DNA (Invitrogen), denatured, and resuspended in hybridization buffer (50% formamide). Competitive cohybridization was done on CGH-array slides preblocked by succinic anhydride/N-methyl-2-pyrrolidinone/borate buffer. After a 24-h hybridization, slides were washed with SDS and saline citrate, dried, and scanned using a 4000B scan (Axon). Image analysis was done with Genepix 5.1 software (Axon) and processed using a software developed at the Curie Institute. Any BAC with less than two replicates flagged for not fulfilling qualitative spot criteria was excluded. A ratio below 0.8 was considered as a loss, a ratio higher than 1.2 was considered as a gain, and a ratio higher than 1.5 was considered as amplification (9) .
Results
Samples of 200 breast adenocarcinomas (primaries and/or metastases) were obtained during surgery and implanted s.c. into the interscapular fat pad of athymic mice. Twenty-five gave growing tumors at the site of graft, and 22 were maintained by serial transplantation up to the third passage.
Clinical characteristics of the patients. The clinical characteristics are presented in Table 1 . The median age was 60 (range, 32-93). Tumor size was superior to 10 mm in 95% of patients, 35% of samples coming from large (>30 mm) tumors. Both invasive lobular carcinoma (ILC) and invasive ductal carcinoma (IDC) histology was represented, 14.2% and 85.8%, respectively. Few HBC were of low grade, a majority of tumors were of grade II or III, and 70% were estrogen-receptor positive. Axillary lymph nodes were positive in two-thirds of cases. Tumor samples came from primary or distant metastases in 83% and 17%, respectively. Almost all patients (84%) did not receive any treatment before surgery, while 16% were treated either with chemotherapy, radiotherapy, or both.
Parameters related with HBC transplantation. The engraftment rate was higher when tumor tissues came from metastatic sites, as compared with primary tumors (24% versus 15%; Table 1 ). Tumor take of ductal carcinomas was higher than that of lobular carcinomas, 18% versus 8%, respectively, as the fraction of metastatic tumors was higher in ILC than in IDC (28% versus 15%). Tumor take of high-grade tumors (grades II and III) was superior to that of low-grade tumors. Estrogen receptor -negative tumors had a 37% tumor take versus 4% for ER-positive tumors; several ER-positive xenografts were lost after the early (first to third) transplantation passages, decreasing the tumor take rate to <1%. Neither tumor size nor lymph node involvement influenced the tumor take.
Histology of xenografts and comparison with patient tumors. The comparison between the histology of the original tumors and their xenografts was established at early and later passages without any observable modifications. The histology of the original tumors was conserved in xenografts. The morphology of cancer cells, the stroma abundance, as well the necrotic areas, in situ structures, and surprisingly, inflammatory areas were similarly present in patient tumors and in xenograft biopsies, as determined by optical microscopy. As an example, the original tumor (HBC-13) showed an infiltrating ductal carcinoma (Fig. 1) . Note the morphology of cells, very large as typically associated with HER2 overexpression, the necrotic areas, the abundant stroma, and the in situ lesions. Histology of the HBCx-13A displayed similar features: large cells, necrotic areas, an abundant stroma of murine origin, and in situ tissue morphology. These features were conserved even after several passages. Another example is the tumor HBC-4, a poorly differentiated IDC, and the corresponding xenograft. The third example is the tumor HBC-19, an ILC defined by its morphology and lack of E-cadherin staining (data not shown); HBCx-19 showed the same morphology and the same immunostaining features.
Comparison of cytogenetic features by array-based comparative genomic hybridization. Paired original tumors and xenografted tumors were characterized for genetic parameters using the CGH array technique. They constantly shared the main alterations, but with a lesser number of alterations in the original tumors. This comparison strictly identified xenograft with original tumors; it also showed that genomic rearrangements are at least maintained in xenografts and often accentuated. Complete data will be published separately. One example of array-based comparative genomic hybridization Research. analysis of the original tumor HBC-13 and its xenograft HBCx-13A is shown in Fig. 2 : HBCx-13A had amplifications on chromosomes 8 (8p12, 8q12.1-q12.3) and 17 (17p10, 17q12-q21.2). The xenografted tumors showed the same profile as the original tumors with some additional alterations: amplifications of chromosomes 10 (10q25.1) and 14 (14q12-q13.2, 14q22.1-q22.2), trisomy 7 and monosomy 18. The number of cancer cells in the original tumor was evaluated as >15%, but was mixed with normal human cells, whereas the DNA from the cancer cells in the xenograft was purely human, the stromal cells being murine and the murine DNA does not crosshybridize with human DNA.
Gene expression profiles. We investigated the status of three suppressor genes (p53, Rb, and PTEN) and of p-AKT and VEGF by Western blotting and that of markers of cell proliferation (Ki67) drug resistance (MDR1, MRP1, MRP5), hormonal receptors (progesterone, estrogen a and h), and tyrosine kinase growth factor receptors (HER1, HER2, HER3, and HER4) by quantitative RT-PCR. HBC xenografts displayed a large diversity of biological profiles (Table 2) . Three xenografts had no p53 mutations, whereas 15 xenografts display a p53-mutated status (83%); 6/19 HBCx had no or low Rb expression (30%); 8/19 HBCx did not express PTEN (42%), p-AKT was underexpressed in 7/19 HBCx (37%). PTEN and p-AKT decreases were not correlated. VEGF was detected in 7 HBCx, with high expression in 3 of them. ERa was expressed in two HBCx (HBCx-3 and at the threshold of detection in HBCx-5). mRNA expression of HER1 was elevated in two xenografts, whereas phosphorylated-HER1 (p-HER1) was elevated in 14/18 HBCx (78%); ERBB2 (HER2)-mRNA was high in four xenografts, but amplified only in two of them (HBCx-5 and HBCx-13A/B). HER2 protein was elevated in 50% of HBCx. HER3-mRNA was elevated in HBCx-5 and HBCx-12, and HER4 was low in all xenografts. Ki67 mRNA was high in almost all HBCx. No overexpression of MDR1 was detected, contrasting with MDR1 expression in some original tumors. No overexpression of MRP1 or MRP5 was detected in HBC xenografts (data not shown). A comparison of hormone receptor (ERa and PR) and growth factor receptor (HER) family gene expression was conducted between the nine original tumor samples from patients and their corresponding xenografts (Table 3) . Expression of estrogen and progesterone receptors was negative for both patients and xenografts, except for the HBCx-5 tumor xenograft, which showed a slight increase in ERa expression. The expression of HER family genes was globally similar between patients and xenografts, but when the original tumors were positive for HER1 or HER2, expression in the xenografts was equal or superior (HBCx-5 and HBCx-13A). All xenografts but two were highly proliferative as assessed by Ki67 expression.
Growth parameters and drug response of xenografts. A total of 17 HBC xenografts were included in chemotherapeutic assays, and 13 were established before treatment. One was established after docetaxel treatment (HBCx-12A/B) and two were established after anthracycline-based treatment (HBCx-5 and HBCx-7). All xenografts go through an initial phase of tumor regression immediately after transplantation, followed by the reappearance of a palpable tumor and progressive growth. Growth characteristics of HBCx are shown in Table 4 . The latency of HBCx (delay between graft and a size of 100 mm 3 ) was highly variable, with values ranging between 11 and 47 days; their doubling time measured between 250 and 500 mm 3 ranged between 4 and 17 days. These parameters were registered after the third passage in transplantation (between passages 4 and 6) and characterized with few variations from one passage to another. Metastases were detected in the lungs of mice when the tumor mass reached the ethical size before sacrifice. Three xenografts spontaneously (Fig. 3) , six were responders, and two were low responders. In these experiments, treatments were not interrupted, and mice were sacrificed after three cycles of 3 weeks treatment plus 10 days. In some cases (HBCx-10 and HBCx-13), mice were observed after the arrest of treatment, and late Fig. 3 . Four of the eight were low responders. A significant tumor growth inhibition was obtained by the administration of trastuzumab (weekly for 2 months) to mice bearing ERBB2 (HER2)-amplified HBC. The response of HBCx-5 did not reach the defined threshold for a response. HBCx-13 responded well with the induction of complete regressions. No response was seen in three HBCs that did not overexpress ERBB2 (HER2). Coadministration of trastuzumab with docetaxel induced additive effects with HBCx-5 with a significant benefit (data not shown). Hormone deprivation induced by Degarelix, a Gonadotropin-releasing hormone (GnRH) antagonist, reduced the growth of HBCx-3, the ER-positive HBC.
Comparison of drug response in patients and in the corresponding tumor xenografts. A concordance between the response of original tumors in the patients and the chemosensitivity of their corresponding xenografts was looked for. Such an analysis was possible only in cases in which the same treatment was administered in patients and in xenografts. However, in case of adjuvant treatment in the clinical setting, a response cannot be meaningfully assessed. Therefore, concordance was established in only seven cases. Objective responses to treatment were documented by clinicians according to WHO criteria and are summarized in Table 5 . A clinical progression was observed after neoadjuvant therapy, concordant with the resistance of the xenograft. In 45 cases of first or second line of treatment, patient tumors relapsed or progressed, and lack of response was observed in two of the four xenografts. In two cases Abbreviation: AC, Adriamycin-cyclophosphamide combination. * Time in days required to double the tumor size, during the exponential phase of growth. c TGI (tumor growth inhibition) is the optimal ratio between the mean tumor volume in the treated group and that in the control group Â 100, at the same time. b T/C growth delay index is the ratio between the survival of treated mice and the survival of control mice. This index cannot be calculated in case of complete response. of response to the first-line treatment, a response was observed with the xenograft. Among the clinical cases, two were responses and were concordant with xenograft sensitivity. Five clinical cases concerned relapses or progression, three were concordant with lack of response of xenografts. The overall concordance was 5/7.
Discussion
The aim of this work was to establish a panel of xenografts of HBC transplantable into immunocompromised nude mice. Such a panel of breast cancer xenografts might be the closest model to human cancers currently available. These preclinical models could help to test the efficacy of new antitumor drugs or new combinations and would seem to improve the predictive potential of preclinical assays. The panel of HBC xenografts comprises a selection of aggressive tumors, with a majority of triple-negative tumors. Triple-negative tumors have the worst prognosis, recurring frequently after treatment, and they are candidates for chemotherapies. Although we grafted a large number of ER-positive breast cancers, only 4% took in mice, and when they did it, almost all were lost before the third passage. HBCx-3 was the unique ER-positive xenograft which was established. Therefore, although the panel reflects a strong selection bias toward aggressive tumors, disease heterogeneity persists in terms of histology and biological parameters.
Among the large variety of tumors transplantable into immunodeficient mice, breast cancers seem to be very difficult to establish (2, 3) . Different reasons can explain this low tumor take, as follows: (a) The genetic background of the recipient mice. Experience of other authors suggests that using more profoundly immunodeficient mice could enhance the tumor take (10, 11) . (b) The choice of site of implantation. Our experience shows that the interscapular fat pad provides higher tumor take than orthotopic sites: using double implantation (mammary fat pad and interscapular area) in the same mouse, we observed differences of tumor engraftment in favor for the interscapular fat pad. 7 Implantation in the renal capsule might be susceptible to promote growth as a result of the rich vascularity (12) and could lead to an increase in the take especially of low-grade ER-positive tumors, which are very difficult to maintain in serial passages. (c) The hormone status of breast tumors is a critical parameter: ER-negative tumors show a significant superiority of tumor take when compared with ER-positive tumors. ER-positive HBC have slow-growing properties (13), a low grade, or slow proliferation (14) . Our failure to establish more ER-positive HBCx is in accordance with data reported by the Fribourg group (1) and other authors (15) , who showed that ER-negative tumors were easier to establish in mice. The weak tumor take could also be attributed to differences between the hormonal status of female mice and women. Although we provided estrogens to mice during tumor take and growth, this supply could either be insufficient or simply inappropriate. The tumor take rate was better when the biopsy came from a metastasis. However, engraftment of tumor tissue from primary sites of metastatic tumors was not higher than that of primary sites of nonmetastatic tumors. Adaptation of the tumor cells to the ectopic environment of another organ seemed to favor the tumor take in a xenogenic environment. Globally, aggressiveness of the engrafted tissue influenced the frequency of tumor take in our assays, as also observed by Sharkey et al. (16) .
The majority of xenografts were infiltrating ductal carcinomas, with 18% rate of tumor take; lobular carcinomas showed a lower tumor take (8%). These findings are consistent with the report of Giovanella et al. (17) . The in situ morphology, which is frequently associated with infiltrating carcinoma, did not reduce tumor take, and xenografts maintained this original feature. Tumor take rate was correlated with the high grade of tumors, as expected, but not with lymph node involvement, which is more surprising.
It is well known that s.c. transplanted human tumors rarely develop metastases in nude mice, which are a crucial target of anticancer drugs. In our series of models, about a third of xenografts developed lung metastases, and three HBCx were consistently metastatic. With the exception of a human tumor breast line reported by Hurst et al. (18) , this is the first panel of human breast tumor xenografts developing spontaneously metastasis in the lung. It is noticeable that metastatic xenografts originated from invading tumors in patients. We did not search for metastatic foci in other sites, such as bone marrow or skeleton. The majority of our HBC xenografts displayed a mutated p53, whereas the overall frequency of p53 mutations in breast carcinomas is about 20% to 40% depending on stage (19) . This indicates a selection bias to mutated p53 tumors through engraftment into nude mice. This was reported in ovarian cancer, where abnormal p53 expression was associated with tumorigenicity in nude mice (20) . Conversely, no correlation was found in our models between tumor take rate and ERBB2 (HER2) overexpression or amplification, as reported by Giovanella et al. (17) . Expression levels of genes involved in proliferation and death regulators like p53, Rb, VEGF, PTEN, and p-AKT showed marked heterogeneity. Among growth factors, VEGF has been shown to play a role in breast carcinoma, as higher levels of cytosolic VEGF are a strong predictor of relapse-free survival and overall survival in primary node-positive breast cancer after adjuvant treatment (21).
p-AKT expression level was variable from very high to null. It was not correlated with the loss of PTEN expression, which was found in 42% of HBCx. Some reports indicated that p-AKT expression was inversely correlated with that of PTEN. However, a recent study conducted on more than 600 primary operable breast cancers provided evidence against the current model of a simple linear tumorigenic PTEN -phosphoinositide-3-kinase -AKT -mTOR pathway in breast cancer and indicated that loss of PTEN expression is not frequent in breast cancers (22) . Histology of the patient's tumors was compared with that of the xenografted tumors; the majority of xenografts had the same characteristics of the original tumors, the same histologic type, and the same differentiation even after several passages. Importantly, the in situ architecture was inherited by the xenografts. The stroma content was reconstituted in the xenografts, with an abundance similar to that of the original tumor. This is quite surprising because the xenograft stroma is of murine origin, indicating that interactions between the human tumor cells and the host are similarly active in vivo in humans and mice. Stromal fibroblasts and host cells produce paracrine factors that have a profound influence on the growth of cancer cells, metastatic spread, and pharmacologic response (23).
Comparison of the biological profile of the original tumors and their xenografts was possible in nine cases. Gene expression profile of the HER family, Ki67, and cyclins was similar between paired tumors. In a few cases, gene expression was more pronounced in xenografts than in patients probably because the patient tumor is more heterogeneous due to the content of normal stroma.
The genetic relationship between xenografts and the corresponding patient tumors was established by array-based CGH; alterations specific to each xenograft and original tumor will be described in detail elsewhere. 8 Genetic alterations were globally found to be similar, but in some cases, amplifications or deletions of the same loci were more accentuated in the xenograft than in the corresponding patient tumor. For example, HBCx-3 xenograft displayed more gene amplifications than its original counterpart, whereas HBCx-10 or HBCx-13 profiles were very close to those of the patient tumors. These differences could partially be explained by the presence of native human DNA in the original tumors. The human xenograft DNA is purely tumoral because the connective tissue present in the xenograft is murine and had no crosshybridization with human DNA. This could explain smallamplitude alterations, but cannot account for some other alterations present in the xenograft and not seen in the original tumor. It could be postulated that the transplantation can lead, in some cases, to selection of more aggressive tumor cell subpopulations. The biological profile of the whole HBCx panel indicates that engraftment into immunocompromised mice selects for triple-negative HBCx (negative for ER, PR, and HER2), including basal-like subtype HBCx. The basal-like subtype is an aggressive type of breast cancer (24, 25) . A review by Brenton (26) also highlighted the aggressiveness of the triple-negative subtype of HBC. Triple-negative HBCx represents 15% of breast cancers and is the most aggressive, with the highest frequency of recurrences.
Three HBCx expressed biological markers, allowing categorization into different subtypes: HBCx-3 was ER positive, HBCx-13A and HBCx-5 were HER2 positive. In addition to expression of ER, HBCx-3 displayed markers of aggressiveness, such as negative PR and mutated p53. HBCx-13A/B and HBCx-5 shared overexpression and amplification of ERBB2 (HER2), but differed in other important parameters: HBCx-13A/B having a mutated p53, but a functional PTEN and a deficient Rb; whereas HBCx-5 had a wt p53, but a loss of function of PTEN and a functional Rb.
Responses of HBC xenografts to anthracycline-based therapy (AC) or to docetaxel tested in the same experimental conditions can be compared. Only one HBCx did not respond to any chemotherapy (HBCx-2). A total of 14 of 17 responded to AC (88%), and 8 responded to docetaxel (48%). This indicates that triple-negative HBCx respond more frequently to anthracyclinebased therapy than to docetaxel. Response to trastuzumab was observed in only one of the two HBCx, both overexpressed HER2 associated with gene amplification. Synergistic interactions of trastuzumab plus docetaxel were also observed in both ERBB2 (HER2)-overexpressing HBC xenografts (data not shown), as observed in cell lines in vitro and in vivo, indicating that the combination of docetaxel plus trastuzumab has better antitumor efficacy than either agent alone (27, 28) .
No relationship was found between chemosensitivity and the biological profile of the xenografts, likely due to their limited 8 In preparation. number, or alternatively to the limited number of biological markers studied. The absence of expression of chemoresistanceassociated genes like MDR1, MRP1, and MRP5 in our xenografts could explain the high frequency of response to AC in our models. Alternatively, the high frequency of response to anthracyclinebased therapy could be related to the high frequency of mutated p53. These findings are in agreement with some reports indicating that p53 mutated xenografts are more resistant than p53 wild-type xenografts to mitomycin C, cisplatin, or radiotherapy, but not to doxorubicin or cyclophosphamide (29, 30) .
The response of HBCx-3 to hormone deprivation was tested using Degarelix, a powerful antagonist of GnRH, which is highly effective in the treatment of prostate cancer (4) . This compound inhibits HBCx-3 growth.
As first shown by the Freiburg group (31) in several histologic models, tumor xenograft drug response was highly correlated with the clinical outcome of patients; the drug response of xenograft models correctly predicted response in 90% (19 of 21 tumors) and resistance in 97% of the patients (57 of 59 tumors).
Our own data must be cautiously interpreted, due to the small number of cases and to the heterogeneity of treatments. Strictly, a response to treatment could be determined only in a neoadjuvant and metastatic setting; a concordance was found in 5/7 analyzable cases. For four other patients treated in an adjuvant setting, response to chemotherapy could not be precisely assessed; a relapse within 6 months after the end of treatment may reflect resistance to therapy, but also failure of local treatment. Nevertheless, a concordance between the outcomes of these patients with the drug response of xenografts was found in all cases.
In conclusion, the present work describes a large panel of breast tumor xenografts, representative of aggressive HBC and of their biological heterogeneity. The majority of tumors were triple-negative, for which there is a clinical need to develop new therapies because they are not candidates for targeted therapy (hormone therapy and trastuzumab, for example). Preliminary results of concordance between clinical outcome and response of xenografts support the use of human tumor xenografts for the preclinical evaluation of new compounds targeting breast cancer and predicting response to treatment.
